Abstract
Introduction
During the last few years major advances in kinematic methods of gravimetry have been made; for an overview see for instance Torge (1989) . Shipborne gravimetry, already a reliable tool, has been further enhanced by using accurate position and velocity information from differential GPS . Airborne gravimetry in either the fixed wing aircraft or helicopter mode has experienced a resurgence over the last few years and is at the ·· point where it may provide gravity information of acceptable accuracy for wavelenghts down to 20 or 30 km . Airborne gravity gradiometry has entered the testing stage and holds great potential for short wavelength resolution. Compared to even fifteen years ago. there is now a variety of sensors on the market and it appears that a judicious combination will yield information on different parts of the gravity spectrum. To assess different sensor configurations, a model is needed which allows the combination of kinematic measurements from gravity gradiometers, dynamic gravity meters, inertial sensors, differential GPS . laser altimeters, precise pressure altimeters and similar devices.
The model must allow for the interaction of gravitational and inertial measurements and must take sensor biases and measurement noise into account. The formulation of such a model using state space techniques is given in this paper.
The two major methods of kinematic gravimetry, currently in use, can be classified as first-order or second-order gravity gradient methods. The first is in essence an extension of the static approach to gravimetry which measures the first-order vertical gradient of the gravity potential. On a moving platform, the measured quantities are a combination of gravitational and inertial accelerations, and the major problem lies in extracting the gravity signal from the specific force measurement. This is usually done at the measurement level, i.e. inertial accelerations are filtered out by either isolating the sensor block or by actually filtering the system output, see, for instance, LaCoste (1967, 1983) , Valliant (1983 ), Strang Van Hees (1983 , Valliant et al. (1985) . The accuracy of this procedure is obviously limited. An alternative approach is the measurement of inertial accelerations which, when combined with specific force measurements, will directly give gravity. Differential GPS and laser altimetry over water surfaces may provide this capability and make this approach feasible. The limitations are, in this case, due to measurement noise. The rT)ain application of this technique is airborne gravimetry, where the gravity anomaly is determined by filtering the output of a dynamic gravity meter. Recent references relating to this application are LaCoste et al. (1982) , Hammer (1983) , Brozena (1984) , Brozena and Peters (1988) , Kleusberg et al. (1989) . The technique can be extended, however, to the measurement of the complete anomalous gravity vector by using an inertial reference unit, see, for instance, Knickmeyer and Schwarz (1989) .
The second approach, the measurement of second-order gravitational gradients, is the technique applied in gravity gradiometry. In this case, the separation of gravitation and inertia is possible as long as the gradiometer block is non-rotating with respect to an inertial frame of reference, i.e. as long as it is isolated on an inertially stabilized platform. The problem in this case are measurement biases which grow with the length of the survey because of the integration required to obtain gravitation. A number of solutions have been proposed for this problem. They all depend implicitly on two assumptions. First, gravity updates must be available either at flight level or on the ground. Second, position or velocity must be known, depending on whether area or line integration is used. The second requirement can be met by differential GPS using carrier phase data. The first can usually be dealt with in areas with good gravity ground surveys. These are, however, not the prime areas targeted for gravity gradiometer surveys. In unsurveyed areas, effective control of gradiometric biases has to come from some other gravity sensor which is less affected by long wavelength errors. The airborne gravity meter is one candidate if its accuracy can be sufficiently improved. High resolution global geopotential models from future satellite missions may be an alternative. Key references for this application are Heller ( 1975 ), White ( 1980 . Jekeli ( 1984) , White and Goldstein (1984) . Jordan and Center (1986) . Vassiliou (1986) . Brzezowski and Merenyi (1986) , Vassiliou and Schwarz (1987) , Moritz and Wei (1987), Jekeli ( 1988) .
In both approaches the combination of sensors, whether they give information on gravitation or inertia or on both, is crucial for a successful airborne gravity miss ion. The mathematical framework outlined in this paper for such sensor combinations can either be used for trade-off studies or for actual system integration.
Coordinate Frames
The following four coordinate frames will be used throughout the paper * the operational inertial frame (i-frame) * the conventional terrestrial frame (e-frame)
